25 In eukaryotic cells, a spindle assembly checkpoint (SAC) ensures accurate chromosome 26 segregation. This control mechanism monitors proper attachment of chromosomes to spindle 27 microtubules and delays mitotic progression if connections are erroneous or absent. The SAC 28 operates in all eukaryotic cells tested so far, but is thought to be relaxed during early embryonic 29 development in animals. Here, we evaluate the checkpoint response to lack of kinetochore-30 spindle microtubule interactions in early embryos of diverse animal species from the main 31 metazoan groups. Our analysis shows that there are two classes of embryos, either proficient or 32 deficient for SAC activation during cleavage. Sea urchins, mussels and jellyfish embryos show a 33 prolonged mitotic block in the absence of spindle microtubules from the first cleavage division, 34 while ascidian and amphioxus embryos, like those of Xenopus and zebrafish, continue mitotic 35 cycling without delay. SAC competence during early development shows no correlation with 36 cell size, chromosome number or kinetochore to cell volume ratio, ruling out the hypothesis that 37 lack of checkpoint activity in early embryos is due to the large egg volume. Our results instead 38 indicate that there is no inherent incompatibility between SAC activity and large fast-dividing 39 embryonic cells. We suggest that SAC proficiency is the default situation of metazoan embryos, 40 and that SAC activity is specifically silenced in chordate species with fast dividing embryos. 41 42 43 44 45 46 47 48 51
. When embryos completed first cytokinesis, we treated them with 10 µM 166 nocodazole alone or in combination with 0.5 µM reversine and assayed mitotic progression 167 using several markers (Fig 2A) . As already shown, in all three species, nocodazole alone caused 168 an increase in mitotic index within 30 minutes of treatment, as evidenced by accumulation of 169 cells with condensed chromosomes labeled with the mitotic marker PH3 ( Fig 1B) and by the 170 lack of nuclear membrane staining with the nuclear pore component Nup-153 (for M. 171 galloprovincialis, Fig 2H) . In nocodazole these mitotic markers were all maintained for at least 172 the equivalent of two cell cycle times in all three species. Reversine treatment shortened the 10 223 control and nocodazole treated embryos underwent multiple consecutive rounds of NEB and 224 NER and chromosome condensation and decondensation ( Fig 3A, nocodazole) . Measurements 225 of the duration of mitosis, as the time from NEB to NER, showed only a slight difference 226 between DMSO and nocodazole treated embryos (<0.5 fold). In addition, as shown in Fig 3B we 227 observed that as nocodazole-treated P. mammillata embryos underwent subsequent cell cycles, 228 the length of mitosis remained unchanged, despite the increase in chromosome number and 229 kinetochore to cell volume ratio, due to continuous cycling without intervening cytokinesis ( Fig   230 3C ). Consistent with previous observations in C. elegans (Galli and Morgan, 2016) and 231 vertebrate tissue culture cells (Rieder and Cole, 2000) , the length of interphase (I), measured as 232 time from NER to NEB, instead increased at each cycle ( Fig 3B) . Thus, differently from 233 echinoderm, cnidarian, nematode and mollusk early embryos, P. mammillata embryos lack SAC 234 activity during embryonic cleavage.
235
As it was previously shown that the strength of SAC response can be modulated by cell size, we 236 wondered whether the difference in mitotic response to spindle defects observed across species 237 could be explained by the difference in cell size in early embryos, whose diameters range from 238 tens of microns to millimeters depending on the animal species. We therefore compared cell size, 239 kinetochore number and kinetochore to cell volume ratio at the 2-cell stage in all species used in 240 our survey (Table 1) . We included in this analysis also published data for C. elegans (Galli and 241 Morgan, 2016), X. laevis, (Gerhart and Kirschner, 1984) 243 size, chromosome number, cell volume or kinetochore to cell volume ratio at the 2-cell stage 244 ( Fig 3D, 3E and 3F) showed that the difference in SAC response across species does not 245 correlate with any of these parameters; in fact large cells with low kinetochore to cell volume 246 ratio, like those of 2-cell C. hemisphaerica embryos delay mitosis more efficiently than the cells 247 of smaller embryos, like C. elegans or P. mammillata. In addition, by the 4 th mitotic cycle, P.
248 mammillata nocodazole treated embryos reach the same kinetochore to cell volume ratio of SAC 249 proficient P. lividus 2-cell embryo, but do not delay mitotic progression ( Fig 3B) . 264 Since nuclear and spindle size also vary among different cell types and during development we 265 also checked whether SAC competence could be related to changes in either of these features.
250
266 Although we could not obtain measurements for all species analyzed in our survey, we observed 267 no correlation with either of these two parameters. For example, SAC-competent P. lividus and 268 SAC-deficient P. mammillata blastomeres have comparable sized nuclei (14.4 ± 1µm and 13 ± 269 2µm, respectively) and both are smaller than that of M. galloprovincialis, 16,5 ± 2µm (Table 1) . Fig 4D and 4G) , and of nuclear envelope breakdown and reformation ( Fig 4B   290 and 4C for B. lanceolatum and Fig 4E and 4F for C. intestinalis). As neither of these embryos is 291 transparent, nuclear dynamics could not be followed in vivo. However, time-lapse microscopy 292 revealed that these nocodazole-treated embryos underwent cyclic shape changes, whereas the 293 SAC arrested P. lividus embryo did not. As most animal cells acquire a round shape upon mitotic 294 entry (Lancaster et al., 2013), we used shape change as a marker of progression through the cell 295 cycle. We quantitated embryo shape over time, by imaging embryos in the presence of 296 nocodazole for at least 2 complete cell cycles and then measuring two parameters ( Fig 4H) :
297 contact region between the two blastomeres (midline, in orange) and total width of the embryo 298 (long axis, in blue). In P. mammillata, C. intestinalis and B. lanceolatum nocodazole-treated 299 embryos, midline length and embryo width oscillated cyclically and in a reciprocal fashion. This 300 resembles the periodic rounding and flattening documented for X. laevis eggs induced to cycle in 301 the absence of cell division (Hara et al., 1980 ). For P. mammillata, whose nuclei are easily 302 visible, NEB was observed when the midline was at its shortest and the embryo width at its 14 303 longest, and NER took place once cells regained full adhesion (longest midline, shortest width). While we could not uncover any physical explanation for variation in SAC efficiency, it 369 was immediately apparent when looking at their phylogenetic grouping that all species with 370 SAC-deficient embryos are chordates, while species in all non-chordate clades possess SAC-371 competent embryos ( Fig 4A) . Thus loss of the SAC in cleaving embryos may be associated with 372 the emergence of the chordate lineage. Sampling a wider number of species and metazoan 373 groups under these same experimental conditions will be required to test this hypothesis further. 
383
Combining all available data, we can propose that SAC proficiency during sexual 384 reproduction is an ancestral feature of metazoan embryos, and that SAC signaling became 385 silenced during early development in chordate embryos. At the mechanistic level, lack of SAC 386 activity in chordates could simply reflect absence in the egg of one or more of the basic SAC 387 components. Although further analysis will be required, we do not favor this possibility since in 388 our analysis of available transcriptomic data, we have determined that Mad1, Mad2, Bub1, Bub3
389 and Mps1 (S1 Table) 424 intestinalis at Roscoff (France) and B. lanceolatum at Argelès-sur-Mer (France). All these 425 species were maintained in aquaria by CRBM at the Laboratoire de Biologie du Developpement 426 de Villefranche-sur-mer (LBDV). S. purpuratus adults were obtained from Patrick Leahy
